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Abstract: The promiscuous encapsulation of p-electron-rich
guests by the p-electron-deficient host, cyclobis(paraquat-p-
phenylene) (CBPQT4+), involves the formation of 1:1 inclu-
sion complexes. One of the most intensely investigated
charge-transfer (CT) bands, assumed to result from inclusion
of a guest molecule inside the cavity of CBPQT4+ , is an
emerald-green band associated with the complexation of
tetrathiafulvalene (TTF) and its derivatives. This interpreta-
tion was called into question recently in this journal based
on theoretical gas-phase calculations that reinterpreted this
CT band in terms of an intermolecular side-on interaction of
TTF with one of the bipyridinium (BIPY2+) units of CBPQT4+ ,
rather than the encapsulation of TTF inside the cavity of
CBPQT4+ . We carried out DFT calculations, including solva-
tion, that reveal conclusively that the CT band emerging
upon mixing TTF with CBPQT4+ arises from the formation of
a 1:1 inclusion complex. In support of this conclusion, we
have performed additional experiments on a [2]rotaxane in
which a TTF unit, located in the middle of its short dumb-
bell, is prevented sterically from interacting with either one
of the two BIPY2+ units of a CBPQT4+ ring residing on a sepa-
rate [2]rotaxane in a side-on fashion. This [2]rotaxane has
similar UV/Vis and 1H NMR spectroscopic properties with
those of 1:1 inclusion complexes of TTF and its derivatives
with CBPQT4+ . The [2]rotaxane exists as an equimolar
mixture of cis- and trans-isomers associated with the disub-
stituted TTF unit in its dumbbell component. Solid-state
structures were obtained for both isomers, validating the
conclusion that the TTF unit, which gives rise to the CT
band, resides inside CBPQT4+ .
Introduction
Cyclobis(paraquat-p-phenylene) (CBPQT4+), a p-electron-defi-
cient host, first reported[1] 28 years ago, is well known[2] to
complex with a wide range of p-electron rich guests. It has
been employed extensively in the template-directed synthe-
ses[3] of a wide variety of mechanically-interlocked molecules
(MIMs), such as catenanes[3a, c,4] and rotaxanes.[5] For the most
part, these MIMs, which have been synthesized by exploiting
either i) donor–acceptor[6] or ii) radical–radical[7] templation,
have been designed[6b,8] to be bistable so that they are able to
act as molecular switches upon exposure to appropriate stimu-
li. These bistable catenanes and rotaxanes have been intro-
duced into a variety of integrated systems, for example, molec-
ular memory devices,[9] drug-delivery vehicles,[10] and artificial
molecular muscles.[11] Some of the most well-studied[6a,12] bista-
ble MIMs incorporate tetrathiafulvalene (TTF) and 1,5-dioxy-
naphthalene (DNP) units in either their ring or dumbbell com-
ponents, wherein the CBPQT4+ ring is localized[6a,12] around the
TTF unit in preference to the DNP unit in approximately a 9:1
molar ratio. In 1:1 inclusions complexes, as well as in MIMs, in-
clusion of TTF within the cavity of CBPQT4+ has been
characterized both in solution and in the solid-state by the ap-
pearance of an emerald green color, which arises from
a charge-transfer (CT) absorption band. The wavelength of the
maximum solution-phase absorption band is solvent depen-
dent: in MeCN, this band is centered[2b] on 854 nm (1.45 eV).
Notwithstanding the wealth of experimental evidence, in-
cluding i) 1H NMR spectroscopic, ii) spectrophotometric, iii) elec-
trochemical, and iv) X-ray crystallographic data published[2–4]
over the past almost three decades, all of which helped to es-
tablish that the TTF units are included within CBPQT4+ rings,
a computational study was published[13] in this journal in 2012
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arguing that the CT band is actually a result of side-on interac-
tions between TTF units and CBPQT4+ rings. The basis for this
claim rests on the hypothesis that the more favorable interac-
tion between these two species is not the 1:1 inclusion com-
plex, but rather a side-on one with the TTF unit located out-
side the CBPQT4+ ring, alongside one of its bipyridinium
(BIPY2+) units. Surprisingly, the authors of this paper neglected
to consider the role of solvation, despite the well-known dra-
matic effects of solvent on the stability of charged structures
in solution and in CT excitations. Herein, we report much more
extensive computational investigations that include solvation
effects for DFT-optimized superstructures. We conclude that
the CT band is a result of the formation of a 1:1 inclusion com-
plex, as had long been established, and that the speculation of
a side-on hypothesis can be rejected.
In further support of the conclusion that TTF and CBPQT4+
form 1:1 inclusion complexes, rather than side-on complexes,
we report i) the synthesis (Scheme 1) of a [2]rotaxane with only
one recognition site—namely, a TTF unit, ii) the typical CT
band that now must result from inclusion of the TTF unit
within the CBPQT4+ ring, iii) the solid-state structures that
show quite unambiguously the TTF unit encircled by the
CBPQT4+ ring, both in the cis- and trans-isomers associated
with the disubstituted TTF unit present in the dumbbells of
these configurationally isomeric [2]rotaxanes.
Although the separation of cis- and trans-isomers of disubsti-
tuted TTFs has been reported[14] previously by acid-mediated
isomerization and subsequent precipitation of the trans-
isomer, separation of the cis- and trans-isomers of MIMs con-
taining TTF units or derivatives thereof is far from straightfor-
ward, and has only been reported[6a,15] in bistable [2]catenanes,
in which the trans-isomer of a TTF unit within a crown ether
component is the only isomer found to exist in the solid state.
Upon oxidation of the TTF unit in these [2]catenanes, the
CBPQT4+ ring moves away from the TTF unit, thereby facilitat-
ing its rapid cis/trans isomerization and allowing the cis-isomer
to be isolated in the solid state.[15b] In the case of the [2]rotax-
anes reported here, the cis- and trans-isomers have been isolat-
ed in solution as well as in the solid-state by virtue of the fact
that they undergo very slow isomerization. As a consequence
of this slow isomerization, we have been able to follow the ki-
netics of the first-order isomerization of both the cis- and
trans-isomers towards an approximately 1:1 mixture of both
isomers in aqueous MeCN solutions at 298 K by sampling the
solutions during more than one month by reverse-phase HPLC
(RP-HPLC). The free energy of activation for the isomerizations
is 26.1 kcalmol¢1.
Results and Discussion
Computational studies
Grzybowski et al.[13] calculated the CT bands associated with
both the TTFCBPQT4+ inclusion and side-on complexes in
the gas phase, using the INDO/MRCI method[16] on MP2/6-
31G(d) optimized structures. They concluded that the complex
with TTF positioned outside CBPQT4+ accounts for the CT
band, which has been measured experimentally both in solu-
tion and in the solid state. It is well known, however, that sol-
vation has a profound effect on UV/Vis spectra. It follows that
ignoring solvation leads to large errors, as will now be
demonstrated.
To address the importance of solvation, we made two
improvements to the approach of Grzybowski et al.[13] Most im-
portantly (i), we applied a Polarizable Continuum Model[17]
(PCM) that accounts for the role of solvation when calculating
Scheme 1. Synthesis of the [2]rotaxanes Rt·4PF6 and Rc·4PF6.
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superstructures in solution. This also allows us to capture the
physics of fast and slow solvent responses during the optical
excitation by introducing two different dielectric constants,
eoptical and estatic. In addition (ii), we introduced two solvent mol-
ecules (MeCN) explicitly in the calculations (Figure 1), so that
the strongest solvent–solute interactions are included at the
DFT level. For the side-on complex with TTF, this inclusion of
explicit solvent molecules in the cavity of CBPQT4+ lowers the
excitation energy by ~0.3 eV for all examined functionals re-
gardless of whether implicit solvent is applied or not (see
below). The inclusion of solvent molecules also provides
important energetic stabilization for the ground state.
In order to quantify the solvation effect from explicit and im-
plicit solvent independently, we report excitation energies for
the following four environments: 1) gas phase with no explicit
MeCN molecule, 2) gas phase with two explicit MeCN mole-
cules, 3) implicit solvent with no explicit MeCN molecule, and
4) implicit solvent with two explicit MeCN molecules. Environ-
ment 4 should provide the most complete description of solva-
tion. We show that inclusion of these solvent effects is critical
to determining the nature of the interactions giving rise to the
CT band.
We optimized the superstructures (with or without explicit
MeCN molecules) in the cavity of polarizable continuum sol-
vent using the M06-2X flavor of DFT with the 6-311G** basis
set, which is recommended for applications involving main-
group elements,[18] and then we performed time-dependent
DFT (TD-DFT) with various functionals using the 6-31+G*
basis set in different solvation environments. As is well known,
the calculated excitation energies depend strongly on the
choice of the correlation-exchange functional employed. To
sample the whole spectrum of functionals, we examined nine
commonly used functionals : BLYP, B3LYP, PBE0, M06, M06-2X,
CAMB3LYP, BLYP plus long-range correction with two different
range parameters, and Hartree–Fock (HF). Commonly used
semi-local functionals with generalized gradient approximation
(GGA), such as BLYP, are known[19] to underestimate the transi-
tion energy of CT excitations as a result of their incorrect
asymptotical long-range behavior. This problem can be miti-
gated by adding HF exchange to the GGA functionals to ac-
count for the correct 1/r12 potential. If HF exchange is added
uniformly through the overall interelectronic distance r12,
[20] it
leads to such global hybrid functionals, as B3LYP, PBE0, M06,
and M06-2X. This approach may give promising results for ex-
citation energies—for example, a recent study of 35 semicon-
ductor systems showed a mean average error in the band gap
of only 0.09 eV, with no additional corrections.[21] We can also
correct only the long-range behavior by rewriting the 1/r12
potential as in Equation (1)[22]
1
r12
¼ 1¢ erf mr12ð Þ
r12
þ erf mr12ð Þ
r12
ð1Þ
in which the first term goes into the local exchange functional
to account for the short-range interaction, and the second
term goes to HF exchange for the long-range interaction. In
this formulation, the exchange functionals derived from the
uniform electron gas are preserved for the short range, while
the long-range correction from the orbital–orbital interactions
is added in gradually and reaches its full strength when
mr121. Tawada et al.[23] calculated the excitation energy of five
small molecules and C2H4–C2F4 dimer at a different value of m
and suggested m=0.33. Jacquemin et al.[24] examined the exci-
tation energy of 483 organic compounds extensively and sug-
gested that m=0.20 is a better choice than m=0.33 to repro-
duce the experimental absorption spectra. Therefore we tested
both m=0.20 and 0.33 in this investigation. Equation (1) can
be further generalized to Equation (2)[20]:
1
r12
¼ 1¢ ½aþ berf mr12ð Þ¤
r12
þ aþ berf mr12ð Þ
r12
ð2Þ
which allows the ratio of HF exchange to vary more flexibly.
For CAMB3LYP functional, a=0.19, b=0.46, and m=0.33.[22]
The extreme case of replacing the whole correlation–exchange
functional with pure HF exchange leads to time-dependent
Hartree–Fock (TDHF) that usually overestimates the excitation
energy because correlation effects are ignored.[25]
The goal of this paper is not to find the functional that best
reproduces the experimental absorption spectrum, since the
functional cannot be foreseen before the calculation. Instead,
we want to determine the general role solvation plays for vari-
ous conformations. Thus, we calculated the lowest six excited
states for various solvation environments for both the inclusion
and side-on complexes, and report in Tables 1 and 2 the excita-
tion energies with the largest oscillator strengths. In order to
indicate the CT character of these transitions, we report the
Mulliken charge on TTF for both the ground and excited states
in the TTFCBPQT4+ complexes.
The experimental CT band observed in MeCN at 854 nm
(1.45 eV) is compared in Tables 1 and 2 to the excitation
energies from each functional with both implicit and explicit
solvent and we deduce that :
1) The BLYP GGA functional (no exact exchange) under-
estimates the excitation energy by 0.3–0.6 eV.
Figure 1. The geometries of a) the TTFCBPQT4+ inclusion complex and
b) the side-on complex calculated at the M06-2X/6-311G** level of theory.
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2) Hybrid functionals, such as B3LYP[26] (20% HF exchange)
and PBE0[27] (25% HF exchange) underestimate the excita-
tion energies by 0.3 eV (1.11 and 1.18 eV for the 1:1 inclu-
sion complex and 1.18 and 1.21 eV for the side-on interac-
tion).
3) The hybrid meta-GGA functional M06[18] (27% HF exchange)
performs similarly to PBE0, while M06-2X[18] (54% HF ex-
change) predicts excitation energies too large by 0.8 eV
(1.68 and 1.43 eV) for the two different geometries.
4) The BLYP+LC and CAMB3LYP methods that include long
range corrections lead to more localized charge distribu-
tions. BLYP+LC(m=0.20) accurately predicts the experi-
mental absorption for the inclusion complex, while BLYP+
LC(m=0.33) and CAMB3LYP methods overestimate the exci-
tation energy by ~0.8 and ~0.3 eV, respectively.
5) With full HF exchange, TDHF has the most localized charge
and greatly overestimates the excitation energy by ~2.0 eV.
Although the various functionals give very different excita-
tion energies, we find that, for the TTFCBPQT4+ inclusion
complex, every functional predicts the effect of solvation on
the excitation energies to be less than 0.07 eV, regardless
which level of solvation model is applied. Moreover, in all four
environments, the strongest absorption always corresponds to
the lowest excitation that possesses significant charge trans-
ferred from TTF to CBPQT4+ . The implicit solvent slightly
increases the positive charge on TTF in the excited state.
In contrast, for the side-on complex, the implicit solvent in-
creases the excitation energy for functionals with long-range
correction (CAMB3LYP and BLYP+LC) by 0.1–0.6 eV and for
functionals with high HF exchange (M06-2X and TDHF) by 0.3–
1.0 eV. The explicit solvent, on the other hand, lowers the exci-
tation energies universally by ~0.3 eV. Regarding the charge
distribution, all functionals except HF predict much higher pos-
itive charge on TTF at the ground state in the gas phase. Func-
tionals with HF exchange or long-range correction reduce the
self-interaction problem and tend to localize the positive
charge on CBPQT. Extreme cases are HF and BLYP: HF (full HF
exchange) predicts only 0.28 positive charge, whereas BLYP
(no HF exchange) predicts 0.83 positive charge on TTF in the
ground state. Here TTF shares a large portion of positive
charge from one of the BIPY2+ units and the transition be-
tween the MOs can be considered as the positive and negative
combination of TTFC+ and BIPYC+ free radicals. As a result of
the insufficient HF exchange and wrong asymptotical behavior,
BLYP underestimates the excitation energies and cannot be
expected to predict the CT character correctly.
Although Grzybowski et al.[13] did not perform any calcula-
tions including solvation effects, they claimed that solvation is
not important because experiments show little variability in
the position of the CT band in different solvents. In fact, this
lack of variability is the proof that the examples investigated
experimentally are 1:1 inclusion complexes. Tables 1 and 2
show that the lack of dependence of CT on solvation is charac-
teristic of the 1:1 inclusion complex regardless of which func-
tional is used, whereas the excitation energy for the side-on
complex changes dramatically on altering the environment, es-
pecially for those functionals predicting stronger charge-trans-
fer characteristic (CAMB3LYP, BLYP+LC, and TDHF). The lack of
solvation in Grzybowski’s calculations causes a loss of charge-
transfer character leading erroneously to the side-on complex.
The agreement that Grzybowski et al.[13] found between the
INDO/MRCI excitation energies of the side-on complex in
vacuum and the experimental value measured in solvents is
most likely coincidental. Our TDDFT calculations also found
that in the gas phase with no explicit MeCN molecule, all func-
tionals except TDHF give an excitation energy of the side-on
complex quite close to the experimental value. When solvation
is applied, however, most functionals predict a large redshift of
the absorption peak for the side-on complex so that they no
longer agree with experiment, indicating the agreement found
by Grzybowski et al. is possibly fortuitous.
Additional direct computational evidence, performed at the
M06-2X/6-311G(2df,p) level in MeCN, demonstrates that the
ground state is the 1:1 inclusion complex, which is 10.3 kcal
mol¢1 more stable than the side-on one. Thus, we can con-
clude that the CT band observed experimentally must be
attributed to the formation of a 1:1 inclusion complex and not
a side-on interaction between TTF and CBPQT4+ .
Synthesis and characterization of the [2]rotaxanes Rt·4PF6
and Rc·4PF6
Our motivation behind the synthesis (Scheme 1) of the rela-
tively simple [2]rotaxane described here with a single TTF unit
on the dumbbell was to guarantee that the TTF unit resides
inside the cavity of the CBPQT4+ ring. The experimental obser-
vations that the CT band is between 800–900 nm proves that
this is the CT band of the 1:1 inclusion complex. This rotaxane
also features relatively short chains in the form of diethylene
glycol linkers connecting the TTF unit and the 2,6-diisopropyl-
phenyl-based stoppers, rendering impossible any intramolecu-
lar side-on interactions between the TTF unit and either of the
BIPY2+ units in the CBPQT4+ ring.
Our approach to the synthesis of this [2]rotaxane involved
the formation of a dumbbell component D in two steps from
an extended TTF diol 1, followed by a template-directed clip-
ping of the CBPQT4+ ring so that it encircles the TTF unit of D,
forming the [2]rotaxane R4+ in a yield of 21%. Upon further
purification of the [2]rotaxane, it was observed that two frac-
tions, both exhibiting absorption bands centered around
844 nm, could be separated[28] readily by RP-HPLC. Characteri-
zation by 1H NMR spectroscopy and single-crystal X-ray diffrac-
tion revealed that these fractions constitute the trans (Rt·4PF6)
and cis (Rc·4PF6) isomers of the TTF unit within the [2]rotax-
ane, both in solution and in the solid state. Typically, in solu-
tion isomers of this ilk interconvert rapidly[14] with an equilibri-
um ratio of trans/cis of close to 50:50 for complexes and MIMs
involving related systems.[29] We believe that the rate of TTF
isomerization is slowed down dramatically when the TTF unit
is encircled by the CBPQT4+ ring in R4+ . In the case of this
[2]rotaxane, the presence of only one recognition site, together
with the relatively short linkers between the stoppers and the
TTF unit inhibits the ability of the confined CBPQT4+ ring to
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move away even temporarily from the TTF unit, a movement
which would otherwise allow cis/trans isomerization to occur
much more readily. The ratio of the trans- and cis-isomers of
the [2]rotaxane isolated after the clipping of a CBPQT4+ ring
onto the dumbbell is close to 57:43. This ratio of trans- to cis-
isomers corresponds very well with those reported[30] for other
MIMs for which the ratios of trans- to cis-isomers immediately
after workup are approximately 60:40.
The 1H NMR spectra of Rc·4PF6 and Rt·4PF6, isolated by RP-
HPLC, were recorded (Figure 2) in CD3CN at 298 K. In each
case, we observed two signals representing protons a to the
nitrogen atom on the BIPY2+ unit of the CBPQT4+ ring and
two signals representing protons b to the same nitrogen atom.
This observation is to be expected since the local symmetry of
the TTF dumbbell D reduces the symmetry in the CBPQT4+
ring, such that Rc4+ possesses C2v symmetry, whilst Rt
4+ pos-
sesses C2h symmetry. Although the
1H NMR spectra of each
isomer are similar, there is a relatively large chemical shift dif-
ference in the resonance corresponding to the proton residing
on the TTF unit. In Rt4+ , this resonance is observed at
d=6.25 ppm, while the same proton resonance in Rc4+ is
observed to be shifted upfield by 0.18 to 6.07 ppm.
The trans- and cis-isomers crystallize as green blocks and
needles, respectively. X-ray crystallography performed on
a single crystal of the green blocks reveals that they corre-
spond to the trans-isomer (Figure 3a–c) which crystallizes in
the triclinic space group P1¯ and possesses an inversion center
residing in the middle of the CBPQT4+ ring. A [C···O] distance
of 3.18 æ, present between the oxygen atom closest to the TTF
and the hydrogen atom located in the position a to the pyridi-
nium nitrogen, corresponds to a weak [C¢H···O] interaction,
highlighted with hashed lines in Figure 3a. The packing of this
isomer in the solid state shows unequivocally that there are no
intermolecular interactions present that could be responsible
for the observed CT band. The green color exhibited by these
crystals must be a consequence of CT between the CBPQT4+
ring and the encircled TTF unit. X-ray crystallography per-
formed on single crystals of the green needles reveals
that they correspond to the cis-isomer (Figure 3d), which also
crystallizes in the P1¯ space group, with [C···O] distances (high-
lighted with hashed lines) of 3.21–3.49 æ between the proton
a to the pyridinium nitrogen and the oxygen closest to
the TTF unit. The solid-state structure (Figure 3d) almost re-
sembles that of a [2]catenane, since both stoppers are in close
proximity to, but yet not interacting with, each other. The
packing of the cis-isomer in the solid state also reveals that
there are no intermolecular interactions that could give rise to
a CT band.
Figure 2. 1H NMR spectra (500 MHz, CD3CN, 298 K) of the cis isomer Rc·4PF6 (top) and the trans-isomer Rt·4PF6 (bottom) of R
4+ . There is a significant
difference in chemical shift (Dd=0.18 ppm) for the resonances corresponding to TTF protons for the cis- and trans-isomers. The region between d=2.75 and
1.75 ppm, containing signals for residual solvent, H2O, and Me2CO, has been removed for the sake of clarity.
Chem. Eur. J. 2016, 22, 2736 – 2745 www.chemeurj.org Ó 2016 Wiley-VCH Verlag GmbH&Co. KGaA, Weinheim2741
Full Paper
Further confirmation that both fractions contain a pure
isomer of the [2]rotaxane was obtained upon monitoring the
RP-HPLC traces of each fraction over time in a 1:1 (v/v) mixture
of MeCN and H2O (with 0.1% v/v TFA). The emergence of
a second signal, corresponding to the alternative isomer, was
monitored over 36 days, starting from either the pure Rc·4PF6
(Figure 4) or pure Rt·4PF6. By integrating both signals present
on the RP-HPLC chromatograms, we found that the amount of
the starting isomer decreases exponentially. Starting from pure
Rc·4PF6, the rate constant for cis/trans isomerization, kisom, at
298 K, in a H2O/MeCN 50:50 mixture, was determined from an
exponential fit of the data is (4.30.9)Õ10¢7 s¢1, correspond-
ing to a free energy barrier DG=26.10.1 kcalmol¢1. A very
similar rate constant of (4.51.1)Õ10¢7 s¢1 was found when
starting from pure Rt·4PF6 and allowing it to relax back to the
equilibrium ratio.[12] The fact that TTF isomerization is a very
slow process in this [2]rotaxane rules out the possibility that
the CT band observed in solution could be a result of the
CBPQT4+ ring moving away from the TTF unit and then taking
part in an intermolecular side-on CT interaction with a TTF unit
of a second [2]rotaxane. If this scenario were the case, we
would also expect to observe rapid cis/trans isomerization of
the TTF unit.
In order to exclude the possibility that the CT band at
844 nm is a result of a side-on intermolecular interaction be-
tween a BIPY2+ of the CBPQT4+ ring of one [2]rotaxane and
the TTF unit of another [2]rotaxane, a UV/Vis dilution experi-
ment was carried out on a mixture of the isomers of the [2]ro-
taxane in MeCN. A deviation from linearity would suggest that
an intermolecular interaction is the reason for the emergence
of a CT band. Figure 5 shows very clearly a linear trend of ab-
sorbance with respect to concentration in the range of 1.00 to
0.03 mm, with a clear CT band present at all measured concen-
trations. From the slope of this line, the molar extinction
coefficient, e, is found to be 264511m¢1cm¢1.
Conclusions
It is essential to incorporate solvation effects when calculating
excitation energies for either the side-on or the 1:1 inclusion
complexes between cyclobis(paraquat-p-phenylene) and tetra-
thiafulvalene. After including solvation, we calculate that the
1:1 inclusion complex is substantially more stable (10.3 kcal
mol¢1) than the side-on complex. Moreover, the solid-state and
spectrophotometric characterization of a control [2]rotaxane
confirms the conclusion that the 1:1 inclusion complex is by
far the most predominant species formed between the cyclo-
bis(paraquat-p-phenylene) and tetrathiafulvalene. This 1:1 in-
clusion complex[2b,d] is also consistent i) with the formation of
Figure 3. Solid-state structure of Rt4+ revealing a) weak [C¢H···O] interac-
tions represented by hashed lines. Space-filling representations b) and c) of
different packing arrangements. Solid-state structure of Rc4+ revealing d) a
weak [C¢H···O] interaction represented by a hashed lines. Space-filling repre-
sentations e) and f) of different packing arrangements. In the case of both
the trans- and cis- isomers, there are no intermolecular p–p associations
observed between the TTF and BIPY2+ units.
Figure 4. a) HPLC traces (monitored at 309 nm) at the elution time of
Rc·4PF6 and Rt·4PF6 from the crude reaction mixture as well as from a
solution of the initially pure cis-Rc·4PF6 after 0, 3, and 36 days, revealing the
emergence of a signal corresponding to Rt·4PF6. b) The percentage of
Rc·4PF6 in solution over time reveals a trend corresponding to an
exponential decay to Rt·4PF6.
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similar inclusion complexes[29,31] involving derivatives of both
the host and guest, and ii) with the large complement of me-
chanically interlocked molecules[4c, 5a,6a,b,8a, 9,11a,31b,32] incorporat-
ing these acceptors and donors investigated over the past
28 years.
Experimental Section
General methods
All reagents were purchased from commercial suppliers and used
without further purification. Compounds 1[33] and 3·2PF6,
[34] were
prepared according to literature procedures, and 2,6-diisopropyl-
phenol and 1,4-bis(bromomethyl)benzene were purchased from Al-
drich. Analytical TLC was performed on aluminium sheets, precoat-
ed with silica gel 60-F254 (Merck 5554). Flash column chromatogra-
phy was carried out using silica gel 60 (Silicycle) as the stationary
phase. Purification by reverse-phase HPLC (RP-HPLC) was per-
formed on a preparative RP-HPLC instrument (Shimadzu LC-8A),
using a C18 column (Waters, XBridge Prep C18 5 mm OBD, 19Õ
100 mm). The eluents employed were MeCN and H2O, both mixed
with 0.1% (v/v) trifluoroacetic acid (TFA). NMR spectra were record-
ed at 298 K on a Bruker Avance III 500 MHz spectrometer, with
working frequencies of 499.373 and 125.579 MHz for 1H and 13C
nuclei, respectively. All 13C NMR spectra were recorded with the si-
multaneous decoupling of 1H nuclei. Chemical shifts are reported
in ppm relative to the signals corresponding to the residual non-
deuterated solvents (1.94 ppm for CHD2CN). Electrospray Ionization
(ESI) mass spectra were obtained on an Agilent 6210 LC-TOF high
resolution mass spectrometer.
Compound 2 : The diol 1[33] (450 mg, 1.02 mmol), triethylamine
(1.5 mL, 2.07 g, 20.4 mmol), and 4-dimethylaminopyridine (50 mg,
0.41 mmol) were combined in anhydrous CH2Cl2 (100 mL) and the
resulting solution was cooled to 0 8C. p-Toluenesulfonyl chloride
(600 mg, 3.15 mmol) in anhydrous CH2Cl2 (100 mL) was added
slowly to this solution employing an addition funnel over 2 h. The
mixture was then stirred for 16 h over which time it was allowed
to warm to room temperature. The solvent was removed under
vacuum, and the residue was subjected to column chromatogra-
phy (SiO2 : CH2Cl2/MeOH 100:1) to yield the ditosylate 2 as a dark-
yellow oil (498 mg, 65%). 1H NMR (CDCl3, 500 MHz, 298 K): d=7.79
(d, 3J=8.3 Hz, 4H), 7.38 (d, 3J=8.3 Hz, 4H), 6.19 (br s, 2H), 4.25 (s,
4H), 4.16 (m, 4H), 3.69 (m, 4H), 3.57 (m, 8H), 2.44 ppm (s, 6H);
13C NMR (CDCl3, 125 MHz, 298 K): d=145.0, 144.9, 134.5, 134.4,
133.0, 133.0, 130.0, 129.9 (Õ2), 128.1, 125.4, 116.7, 116.5, 72.1, 71.2,
70.9, 69.4 (Õ2), 69.3, 68.9, 68.7, 68.38, 67.5, 53.6, 22.2, 21.8 ppm;
ESI-MS: m/z : calcd: 748.0632 [M]+ ; found: 748.0637; calcd:
771.0525 [M+Na]+ ; found: 771.0530.
Compound D : The ditosylate 2 (100 mg, 0.13 mmol) was added to
MeCN (40 mL) along with 2,6-diisopropylphenol (95 mg,
0.52 mmol), a catalytic amount of [18]crown-6, and an excess of
potassium carbonate (500 mg, 3.6 mmol), and the solution was
stirred and heated under reflux for 20 h. After the solution had
been cooled to room temperature, the solvent was removed under
vacuum, the residue was suspended in H2O (100 mL), and the
product was extracted with CH2Cl2 (3Õ50 mL). The organic solvents
were combined and then removed under vacuum. The residue was
subjected to column chromatography (SiO2 : CH2Cl2) to yield the
dumbbell D as a yellow solid (83 mg, 82%). 1H NMR (CDCl3,
500 MHz, 298 K): d=7.09 (s, 6H), 6.23 (br s, 2H), 4.33 (br s, 4H), 3.92
(m, 4H), 3.86 (m, 4H), 3.77 (m, 4H), 3.69 (m, 4H), 3.38 (sep, 3J=
6.9 Hz, 4H), 1.22 ppm (d, 3J=6.9 Hz, 24H); 13C NMR (CDCl3,
125 MHz, 298 K): d=153.1, 142.0, 134.7, 134.6, 124.8, 124.1, 116.5,
116.4, 73.9, 71.1, 70.8, 69.5, 26.4, 24.3 ppm; ESI-MS: m/z : calcd:
760.2954 [M]+ ; found: 760.2923; calcd: 783.2858 [M+Na]+ ; found:
783.2824.
Compounds Rt·4PF6/Rc·4PF6 : The dumbbell D (46 mg, 0.06 mmol)
was dissolved in anhydrous DMF (10 mL) with 5 equiv of 3·2PF6
[34]
(213 mg, 0.3 mmol) and 1,4-bis(bromomethyl)benzene (80 mg,
0.3 mmol) and the solution was stirred at room temperature under
N2 for 10 days. The solution was then filtered and the filtrate was
subjected to RP-HPLC (H2O-0.1% TFA/MeCN-0.1% TFA, 0–100% in
35 min). The trans- and cis-isomers of the [2]rotaxane could be sep-
arated using RP-HPLC and these fractions were then subjected to
counterion exchange with NH4PF6 to afford Rt·4PF6 (13 mg, 12%)
and Rc·4PF6 (10 mg, 9%) both as green solids.
1H NMR Rt·4PF6
(CD3CN, 500 MHz, 298 K): d=9.11 (d,
3J=6.2 Hz, 4H), 8.97 (d, 3J=
6.2 Hz 4H), 7.89 (d, 3J=6.2 Hz, 4H), 7.77 (d, 3J=6.2 Hz, 4H), 7.68
(br m, 8H), 7.09 (m, 6H), 6.25 (s, 2H), 5.69 (q, 8H), 4.19 (s, 4H), 4.05
(m, 4H), 4.02 (m, 4H), 3.99 (m, 4H), 3.91 (m, 4H), 3.33 (sep, 3J=
6.9 Hz, 4H), 1.12 ppm (d, 3J=6.9 Hz, 24H); 13C NMR Rt·4PF6
(CD3CN, 125 MHz, 298 K): d=153.6, 146.2, 145.7, 144.9, 142.5,
136.7, 133.3, 131.7, 126.5, 126.2, 125.9, 125.1, 120.7, 108.7, 74.5,
71.5, 71.4, 68.5, 65.3, 26.9, 24.4 ppm. 1H NMR Rc·4PF6 (CD3CN,
500 MHz, 298 K): d=9.10 (d, 3J=6.7 Hz, 4H), 8.95 (d, 3J=6.7 Hz
4H), 7.93 (d, 3J=6.7 Hz, 4H), 7.90 (d, 3J=6.7 Hz, 4H), 7.68 (d, 3J=
8.1 Hz, 8H), 7.09 (m, 6H), 6.07 (s, 2H), 5.71 (s, 4H), 5.68 (s, 4H), 4.24
(s, 4H), 4.01 (m, 8H), 3.96 (m, 4H), 3.88 (m, 4H), 3.33 (sep, 3J=
6.9 Hz, 4H), 1.11 ppm (d, 3J=6.9 Hz, 24H); 13C NMR Rc·4PF6
(CD3CN, 125 MHz, 298 K): d=153.6, 146.4, 145.9, 145.7, 145.4,
142.6, 137.0, 136.5, 134.4, 131.8, 131.7, 126.7, 126.6, 125.9, 125.1,
119.2, 108.9, 74.6, 71.4, 71.3, 68.5, 65.5, 65.4, 26.9, 24.4 ppm. ESI-MS
(mixture of isomers): calcd: 785.2436 [M¢2PF6]2+ ; found: 785.2439.
Single crystals of both Rt·4PF6 and Rc·4PF6 were grown by vapor
diffusion of diisopropyl ether into an MeCN solution containing
the pure isomer of the [2]rotaxane at ¢24 8C in order to limit iso-
merization during the crystallization process. A single crystal of
Figure 5. UV/Vis spectra (MeCN, 298 K, l=0.2 cm) of a mixture of Rc·4PF6
and Rt·4PF6 measured at a range of different concentrations. The CT band is
centered on 844 nm. The inset illustrates the linear dependence of absorb-
ance on concentration, confirming that the CT band is a consequence of an
intramolecular, rather than an intermolecular, interaction.
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Rt·4PF6 was also grown from a mixture of trans- and cis-isomers in
MeCN by vapor diffusion of diisopropyl ether at room temperature.
Data for this polymorph is available in the Supporting Information.
Crystal data for Rt·4PF6 : C40H56O6S4, P4F24, 2 (C6H14O), C36H32N4,
4 (C2H3N), green blocks; Mr=2230.18; crystal size: 0.81Õ0.331Õ
0.224 mm; triclinic; space group: P1¯; a=11.2717(14), b=
13.2143(17), c=20.036(3) æ; a=76.400(3), b=84.864(2), g=
64.880(2)8 ; V=2626.1(6) æ3 ; Z=1; 1calcd=1.410; T=100(2) K; R1(F
2>
2sF2)=0.0543; wR2=0.1615. Out of 16005 reflections a total of
13032 were unique. CCDC 970497 contains the supplementary
crystallographic data for this paper. These data are provided free
of charge by The Cambridge Crystallographic Data Centre.
Crystal data for Rc·4PF6 : 2 (C40H56O6S4), P8F48, 2 (C36H32N4), 6 (C2H3N),
green needles; Mr=7461.69; crystal size: 0.349Õ0.039Õ0.02 mm;
triclinic; space group P1¯; a=10.756(6), b=28.010(13), c=
36.853(15) æ; a=110.863(9), b=92.983(13), g=97.293(15)8 ; V=
10234(9) æ3 ; Z=2; 1calcd=1.293; T=100(2) K; R1(F
2>2sF2)=0.0806;
wR2=0.2164. Out of 31946 reflections a total of 23165 were
unique. The solvent masking function of Olex2 was used to treat
disordered solvent molecules and PF6
¢ anions, which could not be
adequately modeled. Two of the PF6
¢ anions exhibit disorder that
was modeled using constraints (SADI, DELU, RIGU). O1W was re-
fined with an isotropic restraint (ISOR). Hydrogen atoms for this
H2O molecule were also omitted from the refinement to allow for
convergence. CCDC 970496 contains the supplementary crystallo-
graphic data for this paper. These data are provided free of charge
by The Cambridge Crystallographic Data Centre.
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